INTRODUCTION
expression analyses in the yeast cells [19, 20, 21] . However, for the characterization of 92 chloroplast-located desaturase by heterologous expression, it is necessary to use a photosynthetic 93 organism as host cells because of requirement of the plastidial Fe2-S2 ferredoxin for supply of 94
electron. 95
In this study, we report the screening and functional characterization of a novel ∆15 acyl-lipid 96
desaturase from E. huxleyi, which is predicted to be localized in the chloroplast based on 97 heterologous expression in Synechocystis sp. PCC 6803 (hereafter Synechocystis). When we 98
expressed an E. huxleyi gene encoding a putative plastidial acyl-lipid desaturase homologous to ∆6 99 desaturase in Synechocystis, the cells of the transformants accumulated 18:3n-3 and 18:4n-3 and 100
showed decreased amounts of α-linoleic acid (18:2n-6) and γ-linolenic acid (18:3n-6). These results 101 suggested that the gene encodes a novel Δ15 desaturase responsible for the synthesis of 18:3n-3 102 from 18:2n-6 in E. huxleyi. In this report, we discuss PUFA metabolism in divergent microalgae and 103 the usability of cyanobacteria as a tool for functional analysis of plastidial desaturases. 104
Marine Art SF-1 (Tomita Seiyaku, Tokushima, Japan distributed by Osaka Yakken, Osaka, Japan), 109 enriched with Erd-Schreiber's seawater containing 10 nM sodium selenite instead of soil extracts 110
[22]. Cells were continuously illuminated by white fluorescent lamps (100 µmol photons m -2 s -1 ) at 111 25°C with aeration. Growth of E. huxleyi was measured based on the OD at 750 nm or by counting 112 cell numbers under microscopic observation Olympus, Tokyo, Japan) . 113 RNAs were extracted using the Total RNA Isolation System (Promega, Madison, WI). mRNAs 158 were isolated using the PolyATtract mRNA Isolation System (Promega). For the RNA extraction 159 from Synechocystis, WT and transformants cells were inoculated into fresh BG11 medium at OD730 160 of 0.2 and the cultures were transferred into 22°C after growing for 16 h under standard growth 161 conditions at 30°C. After 2 h culturing at 22°C and 30°C, the cultures were mixed with the same 162 volume of ice-cold 10% (w/v) phenol-ethanol to prevent the degradation of RNAs, and cells were 163 collected by centrifugation at 9,100 × g for 5 min at 4°C. The total RNAs were isolated using the 164 TRIzol Max Bacterial RNA Isolation Kit (Invitrogen, Carlsbad, CA) . 165
166

Plasmid construction and transformation 167
For heterologous expression of the desaturase gene, we constructed a plasmid for transformation of 168 Synechocystis cells. pTCHT2031V [24; provided by Dr. Narikawa in the University of Tokyo], used 169 to construct an expression plasmid, includes five DNA fragments in the following order: the 170 upstream sequence of the slr2031 gene, a chloramphenicol resistance gene cassette, the trc 171 promoter sequence [25] , the downstream sequence of the slr2031 gene and the plasmid backbone 172 from the pUC vector. 173
We isolated full-length cDNA for the fatty acid desaturase (Genbank Accession Number, 174 EOD40666), which is thought to be involved in 18:5n-3 biosynthesis. mRNAs were isolated from E. 175 huxleyi cells harvested 24 h after the cells were transferred from 25°C to 15°C as described above.
Actin-related protein 3 (Actin3) was targeted using the same cDNA as template with the primers 203 act_F (TACGAGGAGTATGGGCCTTC) and act_R (CTACATCGTGATTGCCGAGA) . 204
Semi-quantitative PCR to measure the desB mRNA level was performed with each 10 pg 205 cDNA samples from cells of WT and transformed Synechocystis as templates and the primers 206 desB_RT_F (TCCAAGAGCTCAGAAACGCT) and desB_RT_R 207 (GCTGAGATGACCAATCCAAT). Quantitative real-time PCR was also performed using the same 208 cDNA samples with the primers desB_RT_F and desB_RT_R, SYBR Premix Ex Taq (Perfect Real 209 Time) (Takara Bio), and the PikoReal Real-Time PCR system (ThermoFisher Scientific, Waltham, 210 MA). The results were normalized based on the expression level of the rnpB gene as an internal 211 standard using primers rnpB_RT_F (GTAAGAGCGCACCAGCAGTATC) and rnpB_RT_R 212 (TCAAGCGGTTCCACCAATC). 213 transferred to 15°C and further incubated. We withdrew aliquots of the cultures every 24 h for 6 217 days and measured the cell density (Fig. 1) . Compared with cells maintained at 25°C, cell growth 218 and fatty acid levels were not affected in cells grown at 15°C. The cell density at day 6 was 7.9 ± 219 0.6 × 10 6 (cells/ml) in the cultures grown at 15°C and 8.6 ± 1.8 × 10 6 (cells/ml) in the cultures 220 grown at 25°C. We extracted total fatty acids from the cell aliquots and measured the fatty acid 221 composition. Contents of total fatty acids at day 6 were 1.3 ± 0.2 and 1.5 ± 0.6 pg/cell in the cells 222 grown at 15°C and 25°C, respectively (Supplemental Fig. 1 ). Under 25°C condition, 18:4n-3 223 content was slightly decreased depending on the growth stage, but other fatty acid contents were not 224 changed during culturing ( Fig. 2A) . When the cultures were transferred to 15°C and incubated for 2 225 days, we observed an increase in 18:5n-3 (18.1 ± 3.2 mol%) and a decrease in 18:4n-3 (9.4 ± 0.8 226 mol%) contents (Fig. 2B) . During further cultivation at low temperature, the content of 18:5n-3 227 gradually decreased to 12.9 ± 2.8 mol% by day 6 (similar to day 0). The 18:4n-3 content 228 continuously decreased to 7.7 ± 0.3 mol% by day 6. Culturing for 6 days at 15°C dramatically 229 increased 18:1n-9 and 18:3n-3 levels. Total content of C18 species at day 0 was about 44 mol%. 230
This value was decreased to 39.0 ± 2.8 mol% at day 6 in 25°C and increased to 48.7 ± 1.1 mol% at 231 day 6 in 15°C cultured condition. Cells also contained high amounts of 14:0 and 22:6n-3 fatty 232 acids: 21.9 ± 1.1 and 21.3 ± 2.4 mol%, respectively, at day 0 ( Supplemental Fig. 2 ). The saturated 233 fatty acid 14:0 and 16:0 gradually decreased under low temperatures. A decrease in saturated fatty 234 acids and an increase in mono-unsaturated fatty acids under low temperature condition have been 235 observed in several plants and microalgae [30] . Although the 22:6n-3 fatty acid, which was highlyacid, 22:0 was increased. These changes in fatty acid compositions under lower temperature 238 conditions were not observed in cultures maintained at 25°C (except 14:0 levels). Both the content 239 and absolute amount of 14:0 gradually increased at 25°C (Supplemental Fig. 2A and 3A) . The 240 decrease in 14:0 and 16:0 contents observed at 15°C may be due to the increase in 18:1n-9 and 241 18:5n-3 contents. A compositional change in fatty acids stimulated under the low temperature was 242 observed for C18 fatty acid species: 18:1n-9, 18:3n-6, 18:4n-3 and 18:5n-3 in E. huxleyi. According 243 to the fractionation and quantification of each lipid class extracted from E. huxleyi, MGDG and 244 phosphatidylcholine (PC) were two major lipid classes in total lipids in E. huxleyi [6] . MGDG was 245 dominated by the acyl-chains of C18 fatty acid species containing 18:1, 18:3n-3, 18:4n-3 and 246 18:5n-3 at 70.7% among all fatty acids esterified to the glycerol backbone. PC was also an abundant 247 lipid class and contained only 18:1 at 2.4% of all acyl chains in PC. Thus, synthesis and 248 desaturation of the C18 PUFAs may have occurred in the chloroplasts. We then investigated 249 desaturases involved in the synthesis of C18 PUFAs in the chloroplasts. 250
251
Genomic search for desaturase genes 252
The whole genome sequence of E. huxleyi strain CCMP 1516 has been reported previously [26] . 253
According to the KOG (eukaryotic orthologous groups) annotation by JGI, there are 29 genes 254 encoding proteins similar to the desaturase domain. Eighteen of these genes did not possess the 255 putative Cyt b5 domain. We then classified the 18 proteins into four groups, ∆9, ∆12, ∆15 and ∆6, 256 based on similarities to the known plastid-type desaturases from cyanobacteria (Supplemental Table  257 1). Although Read and co-workers [26] annotated a ∆15 desaturase (EOD29061), two ∆12 258 desaturases (EOD07051, EOD26922) and a ∆6 desaturase (EOD40828) based on sequence 259 similarities, while 14 proteins remained unannotated. We further examined the protein, EOD40666, 260 hereafter referred to as EhDES15, which contains a homologous region to the cyanobacterial ∆6known to produce 18:5n-3 [34, 35] . Thus, EhDES15 may play a role in 18:5n-3 production. 265
EhDES15 is a protein of 448 amino acids showing partial similarity to the ∆6-fatty acid desaturase. 266
Multiple alignment of amino acid sequences of EhDES15 and the orthologues was drawn (Fig. 3A) . 267
Although EhDES15 contains a sequence section similar to a posterior half of the ∆6 desaturase-like protein 268 domain, whole amino acid sequences of EhDES15 and its orthologous proteins are well conserved.
269
Particularly, regions including three conserved His-boxes were well conserved. Additionally, 270
EhDES15 and the orthologues possess N-terminal extensions with very low similarities and various 271 lengths. Haptophyte is a secondary plant which may acquire plastid via secondary endosymbiosis. 272
As a consequence of evolutionary development, its chloroplast is surrounded by four envelopes. 273
And the outermost envelope membrane is composed of the ER. Therefore, the nuclear-encoded 274 plastid-targeting proteins contain bipartite sequences consisting of signal peptide for passing 275 through ER membrane followed by a transit peptide for incorporation into the plastid [36] . For the 276 prediction of these bipartite signal and transit peptides, firstly SignalP [37] was used to estimate the 277 signal peptide and ChloroP [38] were used to estimate the transit peptide after elimination of the 278 predicted signal peptide. SignalP deduced amino acid residues 1 to 27 of EhDES15 as a signal 279 peptide. But according to an example from another secondary alga, diatom Phaeodactylum 280 tricornutum, "ASA-FAP" is the probable cleavage site (F at the +1 position is cleaved) and the 281 phenylalanine residue can be substituted by leucine and "AP" is exchangeable [39] . Therefore, we 282 estimated the 1-25 residues (ASA-L) as a signal peptide for plastid localization of EhDES15. 283
ChloroP deduced amino acid residues 26-34 as a putative transit peptide for plastid transportation 284 (Fig. 3A) . Because this is relatively short, we estimated the mature protein started from 75 residuesaccording to the similarity to orthologues. Phylogenic tree of EhDES15 and its orthologues and ∆12,Since the decrease in culture temperature enhanced the production of 18:1n-9, 18:3n-3 and 289
18:5n-3 in E. huxleyi (Fig. 2) , accumulation of mRNAs of the desaturases involved in desaturation 290 of these fatty acids would also likely be upregulated. Semi-quantitative PCR clearly showed 291 up-regulation of EhDES15 mRNA at 15°C (Fig. 4) . Transcriptomic analysis, sequencing and 292 comparison of total cDNA reverse-transcribed from mRNA extracted from 25°C-and 293 15°C-cultured E. huxleyi cells also supported these results. mRNA levels were induced 294 approximately 3.5-fold compared with those from the 25°C conditions (Fig. 4 , Araie et al., 295 unpublished data). These results indicated that EhDES15 contributed to PUFA production induced 296 under low temperature conditions in E. huxleyi. We then performed a functional characterization of 297 EhDES15 using a heterologous expression system. 298
299
Heterologous expression of EhDES15 in Synechocystis cells 300
Since EhDES15 possesses a predicted transit-peptide for transportation into plastid and does not 301 contain Cyt b5 domain, Fe2-S2 ferredoxin is likely required as an electron donor for the desaturation 302 reaction. Thus, we used Synechocystis cells as a host for heterologous expression. Synechocystis is a 303 unicellular photosynthetic microorganism used as a model for photosynthesis studies, since it is 304 highly competent for homologous recombination. This organism contains four desaturases, ∆9, ∆12, 305 ∆6 and ∆15, and produces 18:1n-9, 18:2n-6, 18:3n-6, 18:3n-3 and 18:4n-3 [40] . 306
A codon-optimized EhDES15 gene lacking the 74 amino acid-peptide serving as putative 307 bipartite signal and transit peptides at the N-terminus was synthesized and expressed heterologously 308 in Synechocystis cells under control of the trc promoter [25] . At 30°C, the fatty acid compositionwas investigated in cells expressing EhDES15 gene and WT cells. The amounts of 18:2n-6 andsynthesized in WT cells cultured at low temperatures; however, they were present at low levels in 313 cells cultured at 30°C, which we used in this study [41] (Fig. 5C and D) . The two peaks on the 314 chromatogram corresponding to methyl-esters of 18:3n-3 and 18:4n-3 were confirmed by a gas 315 chromatograph equipped with a mass spectrometry with standard compounds (data not shown). 316
The genome of Synechocystis originally possesses a gene for ∆15 desaturase (desB, sll1441) . 317
Expression of the desB gene has been well-characterized and is induced in Synechocystis cells 318 grown below 26°C [28] . We examined levels of desB mRNA in WT and transformant cells grown at 319 30°C or at 22°C for 2 h after culturing in 30°C by semi-quantitative PCR and quantitative real-time 320 PCR analysis ( Fig. 5E and F) . Under 30°C condition, the desB mRNA was not detected by 321 semi-quantitative PCR but detected by quantitative real-time PCR. By 2 h exposure of cold shock, 322 the desB expression was induced both in WT and transformed cells, and expression levels in both 323 cells were almost identical. These results indicated that the accumulation of PUFAs possessing an 324 unsaturated bond at the ∆15 position in transformant cells at 30°C was due to EhDES15 activity, 325 but not due to the unexpected expression of the native desB gene after transformation of the 326 EhDES15 gene. These results were confirmed based on complementation analysis. We constructed 327 the EhDES15-expressing Synechocystis mutant lacking the desB gene. The transformant cells 328 accumulated 18:3n-3 and 18:4n-3 ( Fig. 6D and E).
including 18:3n-3, 18:4n-3, 18:5n-3, 20:5n-3 and 22:6n-3. Excluding 18:5n-3, these fatty acid 334 species are widely distributed in microalgae [12] . The 18:5n-3 fatty acid is specifically observed in 335 secondary plants of the red lineage, such as haptophytes, dinophytes and raphidophytes, and in only 336 one group of the green microalgae, prasinophytes [7, 34, 35] . We first observed changes in PUFA 337 composition at low temperature in E. huxleyi (Fig. 2B) . Fatty acid profiles indicated that low 338 temperature stimulated expression of genes for desaturases, which catalysed the biosynthesis of 339 18:3n-3 and 18:5n-3, because the concentrations of these PUFAs increased after temperature 340 decrease from 25°C to 15°C. The 18:3n-3 fatty acid gradually increased from day 1 to 3 after the 341 temperature decreased from 25°C to 15°C. From days 4 to 6, the amount of 18:3n-3 did not change 342 significantly, suggesting that expression of the ∆15 desaturase was transiently induced at low 343 temperatures. The amount of 18:5n-3 increased transiently after cold shock and gradually decreased 344 after 2 days (Fig. 2B ). These two PUFAs and a mono-unsaturated fatty acid, 18:1n-9, may be 345 involved in the regulation of membrane fluidity for low temperature acclimation in E. huxleyi. 346 347 Structure of the novel ∆15 desaturase in E. huxleyi 348
In higher plants and microalgae, ∆15 (ω3) desaturase catalyses the synthesis of 18:3n-3 and 18:4n-3 349 from 18:2n-6 and 18:3n-6, respectively, and is thereby involved in synthesis of the highly PUFAs, 350 such as penta-or hexaenoic acids. In this study, we characterized a novel plastidial ∆15 desaturase 351 from the E. huxleyi genome. Although the actual localization of the protein remains unknown, it is 352 predicted to be in the thylakoid membrane or the chloroplast envelope, since EhDES15 possesses ahaptophytes as a secondary plant derived from the red lineage, prasinophytes are primary plants 358 known as a primitive group of the Cholorphyta lineage. According to the lipid profiles of 359
Ostreococcus and Micromonas, both synthesize 18:3n-3, similar to E. huxleyi [34, 35] . It is indicated 360 that orthologues of EhDES15 in Ostreococcus and Micromonas catalyse the same ∆15 desaturation 361 reaction to produce 18:3n-3 in vivo. Furthermore, both prasinophytes are known to be 18:5n-3 362 producers. We hypothesized that the key enzyme responsible for the synthesis of 18:5n-3 catalysing 363 the desaturation of 18:4n-3 should be conserved among these algae. Ahmann and co-workers [34] 364 identified ER-type ∆4 desaturase which introduces an unsaturated bond at the ∆4 position of 365 22:5n-3 to produce 22:6n-3 in Ostreococcus. Interestingly, this enzyme could also introduce an 366 unsaturated bond at the ∆3 position of 18:4n-3 to produce 18:5n-3 when the gene was expressed in 367 yeast cells under the supplementation of 18:4n-3 as substrate. Although the lipid class that contains 368 18:5n-3 remains unknown in Ostreococcus cells, it may synthesize 18:5n-3 in the ER membrane 369 based on the wide substrate specificity of the putative ∆4/∆3 desaturase. Because a stable 370 transformation method has been established in Ostreococcus [42] , it is possible to identify the 371 desaturase involved in 18:5n-3 biosynthesis. 372
A phylogenic tree of EhDES15 and corresponding enzymes was constructed with 373 well-characterized ∆15 and ∆6 fatty-acid desaturases in higher plants and microalgae (see Fig. 3B ). 374
The tree showed that EhDES15 and orthologues can be classified into a monophyletic group and are 375 separated far from the canonical group including the ∆15 desaturase, as reported previously. 376
Because of their homologies to the ∆6 fatty acid desaturase domain, the position was thought to bemore closely related to the ∆6 than the ∆15 desaturases. However, the length of the branch was long 378 between EhDES15 and ∆6 desaturases. The difference between the novel ∆15 family and the 379 typical ∆15 and ∆6 desaturases was also observed in the amino acid residues in the three His boxes. 380
The amino acid sequence of EhDES15 contains three predicted His-boxes (HHTCH, HNHLHH and 381 YQIEHH), which were well-conserved in orthologues from prasinophytes, and these sequences 382 varied greatly from the cyanobacterial ∆6 (HDXNH, HXXXHH and QXXXHH) and ∆15 (HDCGH, 383 HXXXXXHRTHH and HHXXXXHVAHH) [43] . These results indicate that EhDES15 may be a 384 novel type of ∆15 desaturase. 385
386
Synechocystis as a tool for desaturase characterization 387
Although screening and characterization of ER-located desaturases for EPA or DHA biosynthesis in 388 microalgae, are often performed using heterologous expression systems in yeast cells [19, 20, 21] , 389 few studies have been done on plastid-located fatty acid desaturases using heterologous expression 390 in the host cells of the photosynthetic organism. ω6 desaturase from a higher plant, Brassica napus, 391 was identified based on expression in a cyanobacterium, Synechococcus [44] . Domergue and 392 colleagues also used the cells of Synechococcus to characterize the substrate specificity of ∆12 393 plastidial desaturase from a diatom, Phaeoductylum triconutum [45] , because Synechococcus only 394 produces 18:1n-9 as an unsaturated fatty acid. In this study, we used another cyanobacterium,using mutant lines lacking each desaturase gene and by controlling the culture temperature, we can 401 obtain any C18 substrate in vivo to measure substrate specificity of the plastidial desaturase, which 402 can facilitate functional analysis of numerous and divergent plastidial desaturases from non-model 403 photosynthetic organisms. ∆9, ∆12 and ∆6 desaturases in E. huxleyi have not been identified, and 404 many desaturase genes have not been identified in the microalgal genome. Heterologous expression 405 of genes in cyanobacteria may allow us to identify and characterize these unknown desaturases. 406 54.2, 50.0, 30.8 and 35.4 (0, 12, 24 and 48 h, respectively) in 25°C condition, and37.7, 66.4, 77.4, 92.8 (0, 12, 24 and 48 h, respectively) Saturated fatty acid 14:0 11.2 ± 4.5 13.7 ± 4.8 14.8 ± 2.9 13.3 ± 4.6 15.7 ± 2.3 16.8 ± 0.8 17.2 ± 0.6 17.8 ± 0.4 16:0 10.1 ± 0.7 9.1 ± 1.1 8.1 ± 0.6 8.3 ± 0.5 9.0 ± 0.3 9.7 ± 0.3 9.8 ± 0.4 9.9 ± 0. 12.1 ± 2.1 13.8 ± 1.4 15.2 ± 1.0 13.0 ± 2.6 13.2 ± 1.7 11.8 ± 1.8 11.3 ± 1.9 10.0 ± 1.9
18:5 ∆3,6,9,12,15 9.9 ± 1.5 10.5 ± 1.1 10.8 ± 1.2 9.6 ± 2.7 10.7 ± 1.3 10.2 ± 1.9 9.8 ± 1.6 9.2 ± 1. ,7,10,13,16,19 28.8 ± 5.1 27.3 ± 4.2 26.5 ± 3.3 29.2 ± 6.2 27.0 ± 3.6 26.3 ± 2.4 27.2 ± 2.3 28.8 ± 2.4
Others not identified 2.4 ± 0.7 1.6 ± 0.2 1.2 ± 0.2 1.3 ± 0.7 1.2 ± 0.1 1.1 ± 0.1 1.1 ± 0.1 1.0 ± 0.1 
